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ABSTRACT 
 
Direct-write assembly is a filamentary fabrication technique capable of producing 
functional microstructures with a variety of materials, sizes, and morphologies. In essence, ink 
materials are extruded continuously from a printhead while the printhead is translated on a 3D 
positioning stage at a constant rate of travel. In the present work, core-shell printing techniques 
are introduced to expand the capabilities of direct-write assembly. Through the use of a 
viscoelastic shell ink, it is possible to print continuous filaments of a Newtonian liquid core 
without leakage or droplet breakup. This technique is applied to enable the printing of optical 
waveguides of the commercial photopolymer OrmoClear using a sacrificial shell of an aqueous 
solution of the block copolymer Pluronic F-127. The waveguides are cured through ultraviolet 
exposure to a solid state, then the shell is removed by washing with water, yielding OrmoClear-
core, air-cladding waveguides that transmit light with loss of ~0.1 dB cm
-1
 and can be printed in 
complex 2D and self-supporting 3D networks. 
We investigated the flow of core-shell ink systems in straight channels and observed that 
an annular plug of unyielded viscoelastic shell ink provides a solid-like structure to resist droplet 
breakup of the inner (core) fluid. By incorporating a tapered tip into core-shell printheads, the 
size of printed core-shell features can be reduced. Unique to these printheads, the core and shell 
inks co-flow in contact before exiting the printhead. While flowing through the printhead, the 
shell ink undergoes shear thinning when its yield stress is exceeded, therefore the ink system 
must be suitably designed to prevent droplet breakup. Using tapered printheads, OrmoClear 
waveguides as small as 55 µm were printed through a 120 µm nozzle. By adjusting the relative 
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flow rates of the core and shell inks, the diameter of printed waveguides can be adjusted within 
the range of 15–77 µm without any change in the printhead dimensions. 
Using curable polydimethyl siloxane (PDMS) shells, hollow and liquid-filled filaments 
are printed. The PDMS shell provides viscoelastic support during printing, however upon curing 
it becomes a permanent structure rather than a sacrificial support. Liquid-filled PDMS filaments 
containing a 30 wt% solution of sodium carbonate are synthesized, for CO2 capture and storage 
applications. The encapsulated liquid sorbent is observed to form sodium bicarbonate crystals as 
the CO2 concentration increases, and can be regenerated by heating, releasing the CO2 for 
storage. The PDMS filaments are stable, robust, and suitable for use as monolithic, patterned 
CO2 absorber elements. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Introduction 
3D printing is an established leader in the area of rapid prototyping, however progress 
has been slow in expanding the utility of 3D printing for manufacturing. In addition to increased 
throughput, expansion of the range of materials that can be printed, to include functional and 
high-performance materials, is necessary. To that end, we present new direct-write assembly 
techniques that enable new motifs of fabrication through the use of core-shell architectures. This 
system is applied to two pilot applications, the printing of low-loss optical waveguides through 
the use of a sacrificial shell, and the printing of liquid CO2 capture filaments encased in a 
permeable shell. 
For decades, optical waveguides have been a key component of our telecommunications 
infrastructure. Optical data transmission provides high bandwidth and low signal degradation 
over long distances compared to electrical signal transmission. As bandwidth requirements and 
processing speed have increased, optical waveguides have garnered interest for potential 
applications in smaller systems [1–4]. In addition, optical waveguides are used in the field of 
sensing for the construction of evanescent field sensors [5–7]. While waveguides have 
historically been composed of inorganic materials, polymeric and hybrid waveguides are gaining 
attention due to their processing at low temperatures [8]. 
To date, a variety of methods have been employed for fabricating polymer and hybrid 
organic-inorganic channel waveguides. Direct and photoresist-templated lithographic methods 
yield waveguides in arbitrary 2D patterns. While these structures can be stacked to produce 3D 
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networks, the repeated etching steps involved are deleterious to waveguide performance [8–13]. 
Soft lithographic approaches can replicate waveguides with high fidelity, but lack the ability to 
produce 3D structures [11,13].  
Direct-write assembly is a promising new method for creating functional waveguide 
networks. In this approach, a continuous printed filament is patterned by depositing a 
viscoelastic ink through a fine nozzle translated using a 3-axis computer-controlled positioning 
stage. Printing viscoelastic inks by this method results in cylindrical filaments that retain their 
morphology after deposition [14–17]. Unfortunately, this patterning route imposes strict 
requirements on the ink rheology, preventing the use of many optical materials of interest, which 
are Newtonian fluids [18]. Hence, new advances are needed to extend the capabilities of direct-
write assembly to enable optical waveguide network fabrication. 
Anthropogenic emissions of carbon dioxide threaten to accelerate unwanted climate 
change through increasing the global greenhouse effect. Carbon capture and sequestration offers 
a solution that can help curb CO2 emissions by isolating it from power plant flue gases [19,20]. 
For this process to be cost- and energy-effective, high performance sorbents are needed that can 
rapidly absorb large amounts of CO2 yet release it readily for long-term storage [21–24]. 
Polymer-encapsulated liquid sorbents offer a route to combining the high capacity and low cost 
of liquid sorbents with the high surface area and corresponding fast absorption of patterned solid 
structures [25,26]. Novel patterning approaches for creating composite sorbent filaments are 
needed to expand carbon capture capabilities. 
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1.2 Thesis Scope 
In my research, I have developed novel core-shell printing techniques for (1) the 
fabrication of optical waveguides from low-loss Newtonian photopolymers, (2) the printing of 
microscale waveguides employing flow-focusing microfluidic printheads, and (3) the patterning 
of gas-permeable polymeric filaments containing a CO2-absorbing liquid material. Three novel 
core-shell printhead designs are introduced to enable these new capabilities at the targeted 
feature sizes. In each of these approaches, ink systems must be designed such that a shell of a 
viscoelastic material has sufficient solid-like behavior to contain the liquid core in the quiescent 
state, while retaining yielded properties sufficient for flow from core-shell printheads in a 
uniform and steady-state manner. 
 
1.3 Thesis Organization 
In chapter two, a literature review is presented that provides a brief overview of optical 
waveguides, microfluidic phenomena relevant to core-shell printing, and encapsulated carbon 
dioxide sorbent elements. In chapter three, the design of core-shell ink and printhead systems is 
explored and core-shell printing of optical waveguide networks is demonstrated. In chapter four, 
the adaptation of core-shell waveguide printing to smaller size scales through the use of tapered 
co-flow is explained, and the flow properties inside these printheads is analyzed to promote an 
understanding of the fundaments of core-shell flow and inform the manipulation of printhead and 
ink systems. In chapter five, the printing of hollow PDMS fibers as well as liquid CO2 sorbent 
filled PDMS fibers are presented. Finally, the conclusions of my thesis are provided in chapter 
six. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Introduction 
This review begins by describing the methods used to fabricate optical waveguides as 
well as their applications, with a focus on polymeric and organic waveguide materials. Next, 
prior core-shell flow experiments are discussed with a focus on achieving these configurations at 
small size scales. Finally, carbon capture and sequestration through the use of chemical sorbents 
is introduced. 
 
2.2 Multimode Optical Waveguides 
Optical interconnects in the form of silica optical fibers are widely used in long-haul data 
transmission where high data rates and low losses are required. The fabrication methods used to 
produce these fibers by drawing down a large-diameter preform are well suited to producing long 
lengths of highly uniform fiber ideal for such applications. However, this approach is not optimal 
for creating optical interconnects at the system level. Integrated (on-chip) optical systems require 
waveguides that can route light along defined pathways with minimal losses and negligible 
crosstalk [2–4]. In addition to signal transmission, optical waveguides play an important role in 
the area of sensing. For example, evanescent field sensors are applied to the detection of analytes 
in the body [5], atmosphere [6], and liquid solution [7]. 
Optical waveguides operate by the principle of total internal reflection, in which a 
refractive index contrast between the core of a waveguide and the lower-index cladding causes 
light traveling at glancing angles to remain confined within the waveguide. In step-index 
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waveguides where the core diameter is substantially larger than the wavelength, light can 
propagate in different modes, as shown in Figure 2.1. Dispersion of a short input pulse occurs 
because higher-order modes travel a longer path length through the waveguide. To combat modal 
dispersion, two approaches have been used. One approach relies on reducing the core diameter to 
allow for the propagation of only a single mode, eliminating dispersion, but this may not be 
feasible in all fabrication schemes. The other approach employs gradient-index fibers, in which 
the refractive index is varied continuously from the core to the cladding. Modal dispersion is 
greatly reduced because lower-order modes travel a larger fraction of their path length through 
higher-index material, where the speed of light is reduced [1]. Modal dispersion is primarily of 
interest in long-distance telecommunication fiber, where dispersion limits the temporal 
resolution of signal transmission and therefore the bandwidth. 
 
Figure 2.1: Schematic of light paths and output profiles in different fiber types [1]. 
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Optical fibers for long-distance signal transmission are fabricated from silica containing 
dopant materials that produce the desired refractive index [27]. While silica fiber drawing is a 
well-established method for producing waveguides, polymeric and hybrid materials are of 
increasing interest for waveguide applications due to their low temperature processing [8]. A 
large selection of patterning options and waveguide morphologies may be harnessed for 
waveguide applications at the systems level, where waveguides are required to accommodate 
complex paths over short distances. For example, in direct lithographic patterning, a photoresist 
material is exposed through a mask to form a desired waveguide pattern, as shown in Figure 2.2a 
[9]. The undesired portion of the resist is then etched away by a developer solution. This method 
is limited to forming planar waveguide patterns. To build a multilayer waveguide network, the 
process must be repeated, adding core and cladding layers as appropriate. Because of its 
geometric limitations, challenges arise in coupling light between layers. A popular approach to 
achieving transmission across layers is to employ micromirrors oriented at 45° to direct light into 
and out of the horizontal plane of a waveguide. Micromirrors are patterned by molding, 
micromachining, or directional reactive ion etching [10,11]. 
Photoresist-templated etching is another method used when the desired waveguide 
material is not a suitable photoresist for direct lithography [12]. An additional layer of 
photoresist is used, which necessitates an extra etching step, as shown in Figure 2.2b. Etching 
procedures often have a deleterious effect on waveguide performance, especially when repeated, 
because the formation of rough edges, generates higher optical loss [9,12,13]. 
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Figure 2.2: Schematics of fabrication of polymeric waveguides by (a) direct photolithographic patterning,[9] (b) 
photoresist-based lithographic patterning,[5] and (c) soft lithography [28]. 
 
Soft lithography and hard molding techniques can be used to avoid the negative effects of 
etching steps by molding a polymer material from a reusable master [11,13,28,29]. In soft 
lithography, a flexible mold often made of polydimethyl siloxane (PDMS) is prepared by casting 
prepolymers against a rigid master. The mold is then used to replicate the pattern of the master 
by imprinting into liquid prepolymers that will form either the core or cladding of the desired 
polymer waveguides, as shown in Figure 2.2c. In hard molding, a rigid inorganic mold is used to 
mold the waveguide material directly. The ability to reuse masters and molds for many 
fabrication batches makes these processes highly cost-effective. Unfortunately, the physical 
constraints of mold release forbid the creation of suspended features in three dimensions. 
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Creating such structures by soft lithography or hard molding requires repeated registration and 
patterning steps. 
Direct-write assembly is an alternative technique, in which soft functional materials are 
deposited in the desired configuration in a single step. Waveguides can be formed by extruding a 
concentrated viscoelastic ink through a fine deposition nozzle [16]. However, this approach is 
not feasible for patterning optical waveguides from photocurable fluids, which lack the inherent 
viscoelasticity needed for filament formation. Although high molecular weight polymers could 
be added as viscosifying agents, their presence often gives rise to inhomogeneities that increase 
optical loss [18]. The use of fugitive materials as a temporary mold can allow for the patterning 
of liquids by preventing spreading. Fugitive materials can either be printed as a separate step 
before printing the waveguide material [30], or printed simultaneously in a core-shell 
configuration. 
 
2.3 Core-shell flow phenomena 
Direct-writing of core-shell structures can be accomplished by depositing core and shell 
fluids through a concentric annular nozzle. However, the difficulty of aligning the core outlet at 
the center of the shell outlet places a limit on the smallest core-shell device that can be 
fabricated. Therefore, patterning of core-shell filaments at smaller sizes requires the use of a 
tapered conical printhead in which core and shell fluids co-flow in contact with each other prior 
to exiting the nozzle. To design systems for core-shell printing via tapered co-flow, we must 
understand and manipulate the physics of concentric co-flow. 
Core-shell flow geometries are widely used in microfluidics to create droplets and 
emulsions. In these systems, an inner fluid co-flows with an outer fluid from an orifice. The 
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inner fluid ultimately breaks into droplets due to the thermodynamic drive to reduce interfacial 
area. This phenomenon is known as the Rayleigh-Plateau instability [31,32]. Under certain 
conditions, the formation of droplets can be delayed sufficiently to produce an elongated jet of 
the inner fluid, as shown in Figure 2.3. Transition from the dripping regime (Figure 2.3b) occurs 
when the flow rate of either the outer fluid (Figure 2.3c) or the inner fluid (Figure 2.3d) is 
increased beyond a critical point [33]. In the case of high outer fluid flow rate, jetting is driven 
by high viscous forces acting between the fast-moving outer fluid and the inner fluid, and 
resisted by the surface tension of the interface, which tends to break the fluid into droplets. The 
relative magnitudes of these viscous and surface forces can be characterized by the capillary 
number of the outer fluid, 
 
     
        
 
    (Eq. 2.1) 
 
Where ηout and uout are the viscosity and mean velocity of the outer fluid, respectively, and γ is 
the interfacial tension. The second type of jetting is driven by the inertia of the inner fluid as it 
exits the inner tip at high speed. The relative magnitude of the inner fluid’s inertial force 
compared to the surface forces is given by the Weber number of the inner fluid, 
 
    
          
 
 
    (Eq. 2.2) 
 
Where ρin is the density of the inner fluid, dtip is the inner tip diameter, uin the mean velocity of 
the inner fluid, and γ is the interfacial tension. It is observed that the dripping to jetting transition 
  
10 
 
generally occurs when either Cout or Win exceeds unity, as shown in Figure 2.3e [33], i.e. when 
either the inertial or viscous forces are sufficient to promote jetting. 
 
 
 
Figure 2.3: (a) Schematic of core-shell device geometry showing a tapered inner capillary in a square outer 
capillary. (b) Optical micrograph of the dripping regime. (c) Optical micrograph of a narrowing jet generated by 
increasing the flow of the outer fluid. (d) Optical micrograph of a widening jet generated by increasing the flow of 
the inner fluid. (e) State diagram of the dripping to jetting transition in a co-flowing stream. Filled symbols represent 
dripping while open symbols represent jetting [33]. 
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While these limiting conditions for jetting are observed in Newtonian fluids, other fluid 
types present possible differences. The fluids of greatest relevance to direct writing and other 
micropatterning methods are viscoelastic fluids that undergo shear thinning. One common model 
for approximating the behavior of these fluids is the power-law fluid model. In this model, the 
shear stress required to produce a steady deformation varies with shear rate such that, 
    ̇      (Eq. 2.3) 
Where τ is the applied stress, k is the consistency,  ̇ is the shear rate, and n is the shear thinning 
exponent. For n of unity, the power law fluid model reduces to a Newtonian fluid, however we 
are most interested in values of n below unity, which represent shear-thinning fluids. Another 
interesting variation is a Herschel-Bulkley fluid, which builds on the power-law fluid model 
through incorporating a yield stress, τ0, 
       ̇
       (Eg. 2.4) 
In a Herschel-Bulkley fluid, when a stress below the yield stress is applied to the fluid, no flow 
occurs. The fluid exhibits solid-like behavior in these conditions, with applied stress causing 
only a recoverable elastic deflection, and no dissipative viscous shear. Importantly, the presence 
of a yield stress allows for a fluid to apply force to oppose the force of gravity while undergoing 
zero deformation, a key behavior for creating self-supporting printed structures. 
While the capillary and Weber number constraints expressed above were elicited from 
observations of Newtonian fluids, some insights drawn from them can be applied towards the 
behavior of Herschel-Bulkley fluids in core-shell conditions. To do this, the apparent viscosity of 
the fluid is defined as follows, 
     
 
 ̇
 
  
 ̇
   ̇        (Eq. 2.5) 
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This apparent viscosity may be used in calculations of the capillary and Weber numbers by Eqns. 
2.1 and 2.2. 
Core-shell flow occurs when jetting conditions are successfully sustained. This 
phenomenon has been studied and applied successfully in manufacturing processes including 
polymer extrusion and electrospinning. Several interesting effects are observed in these systems. 
First, when components of differing viscosity flow side-by-side through a channel, the lower 
viscosity component moves to wrap around the higher viscosity component and encapsulate it as 
the materials travel along the die, as shown in Figure 2.4 [34]. This effect, while not rigorously 
understood, can be explained by noting that the shear stress in laminar flow is highest at the die 
wall, and locating the lower viscosity component at the wall reduces the pressure drop at a given 
flow rate [35]. Another interesting effect in polymer extrusion is the presence secondary flows 
that arise in dies without radial symmetry, such as square dies. These flows arise from elastic 
stresses in the polymer material, and contribute a cyclical velocity component perpendicular to 
the bulk flow [36]. 
In electrospinning, core-shell geometries have been used to fabricate composite and 
hollow fibers. In these experiments, two chambers containing the electrospinning fluids are 
nested coaxially, and the same voltage is applied to both fluids. This technique, depicted 
schematically in Figure 2.5a, results in the formation of a compound coaxial Taylor cone, which 
can be imaged, as shown in Figure 2.5b [37,38]. Under proper electrospinning conditions, a 
uniform coaxial filament is produced. While the outer fluid must be an electrospinnable 
entangled polymer solution, the inner fluid can be either a polymer solution or a Newtonian 
solution. Figures 2.5c and 2.5d depict composite fibers produced by electrospinning in these two 
cases. In the case of a Newtonian liquid solution, while the inner fluid is incapable of being 
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electrospun as a single component, co-electrospinning with a polymer solution allows the shell to 
act as a template for patterning of the inner fluid. If a fugitive material is used as the core fluid, 
hollow fibers can be created as well [39]. 
 
 
Figure 2.4: Schematic of input configuration and optical images of extrusion co-flow output of high-viscosity PS 
and lower-viscosity LDPE in a two-phase system that is extruded eccentrically through a die having a 
length/diameter ratio of 18. This type of flow is stable when LDPE is used as the shell (top images) but unstable 
when LDPE is located in the core (lower images) [34]. 
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Figure 2.5: (a) Schematic of experimental setup used for co-electrospinning of compound core-shell nanofibers.[37] 
(b) Optical image and schematic of compound Taylor cone formed during core-shell electrospinning.[38] (c,d) 
Electron micrographs of composite core-shell fibers produced by co-electrospinning of (c) a PDT core within a PEO 
shell and (d) a PdOAc core within a PLA shell [37]. 
 
To create structures in a core-shell geometry, a jet must first be formed and subsequently 
converted to a solid state. In polymer extrusion, the melt solidifies as it cools after exiting the 
die, whilst in electrospinning, this conversion takes place as a result of solvent evaporation. In 
contrast, neither of these transitions takes place in microfluidic assembly, so droplet breakup is 
inevitable even when jetting occurs. In all of these experimental methods, it is observed that the 
aspect ratio (length/diameter) of jets produced is on the order of the higher of the capillary 
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number of the outer fluid or the Weber number of the inner fluid [15,33,34,36,37,39,40]. To 
perform direct-write assembly through a tapered core-shell nozzle, we must achieve this 
condition to avoid droplet breakup before printing is completed. Quantitatively observing the 
flow properties within tapered core-shell nozzles will be key to meeting this objective. 
 
2.4 Encapsulated solvent systems for carbon dioxide capture 
Carbon dioxide emissions from the combustion of fossil fuels have contributed greatly to 
climate change through increasing the greenhouse effect. Hence, reducing these emissions is 
critical to preventing ecological catastrophe. Alongside increases in energy efficiency and a 
growing contribution from renewable power sources, reducing the emissions of energy 
production from fossil fuels is a key element to a carbon reductions strategy [19]. Coal, having 
the highest carbon content per unit of usable energy of all fossil fuels, is an important target for 
implementation of CO2 emission reduction schemes. Coal-fired power plants accounted for 
28.3% of the CO2 emissions in the United States in 2010 while supplying only 20.8% of 
electricity [41]. Capturing CO2 as it is emitted by extracting it from the flue gas of coal-fired 
power plants is an effective strategy to curb emissions. This approach has the advantage of 
capturing CO2 from large-scale sources, where the concentration of CO2 is highest, allowing for 
the most efficient capture [21,22]. However, current systems are expensive to implement and 
consume a significant portion of the power plant’s energy in operation [23,24]. Flue gas capture 
systems operate by bringing flue gas into contact with a capture element, which reacts, 
chemically binding CO2 to the capture element. The capture element is later regenerated to 
release the CO2, where it can be stored permanently in a more pure form. This process is detailed 
in Figure 2.6. 
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Figure 2.6: Schematic of operation of carbon capture and storage system used to purify and isolate CO2 
from flue gas [42]. 
 
The most established capture chemistry consists of aqueous amine solutions, typically 
monoethanolamine (MEA), through which the flue gas is bubbled. When these two ingredients 
are brought into contact, the CO2 is bound to the MEA through a reaction that forms carbamates 
[22]. This reaction is strongly energetically favorable, leading to very rapid completion and a 
high CO2 absorption capacity. Unfortunately, this strong bonding requires heating to high 
temperatures to extract the CO2 during regeneration [43,44]. Additionally, MEA is corrosive and 
slowly degreades to form toxic byproducts. Controlling these detrimental properties requires 
engineering considerations that drive up the cost of capture systems [45–47]. Another sorbent 
option that has been explored is the use of high surface area solids, such as zeolites [48] or 
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nanoporous solids [49], that are functionalized, often with amines, to react and bind CO2. These 
solid systems exhibit a weaker and slower bonding with CO2, but have their high specific surface 
area lends improvements to the kinetics. The primary drawback of solid sorbents, however, is the 
very high cost of producing these functionalized nanostructures [50]. 
To overcome these limitations, a new class of sorbent systems has been explored that 
incorporates a liquid sorbent within an encapsulating solid membrane [51,52]. This approach 
combines the advantages of liquid sorbents, such as high CO2 capacity and selectivity, with the 
stability and kinetic advantages of high surface area solids. Specifically, MEA has been 
encapsulated within hollow channels in a molded polydimethyl siloxane (PDMS) membrane. 
CO2-laden gas flows through adjacent channels and diffuses across the permeable PDMS 
membrane to bind with MEA [25]. The membrane scheme and observations of CO2 absorption 
are presented in Figure 2.7. Recently, carbonate sorbents have been encapsulated in spherical 
PDMS capsules fabricated by microfluidic double emusion systems [26]. These capsules contain 
the sorbent without leakage and are packed in layers such that CO2 gas flows through the 
interstitials between spherical capsules. 
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Figure 2.7: (a) Schematic design of filamentary CO2 absorption system, with central CO2 transport channel 
surrounded by MEA capture channels, (b) reference UV-Vis spectrum of MEA with added methyl blue dye at 
different CO2 concentrations, and (c) optical micrographs showing color change indicating absorption of CO2 into 
MEA over time [25]. 
 
Carbonate sorbents, while slower to absorb CO2 than MEA, are an attractive choice for 
encapsulation techniques. The increase in surface area afforded by encapsulation mitigates this 
disadvantage, and carbonates bring several advantages of their own. Unlike MEA, carbonates are 
noncorrosives and form no toxic products. They also bond more weakly with CO2, so 
regeneration can be performed at a lower temperature. Finally, carbonates are highly abundant, 
providing low implementation cost [47]. Carbonate ions absorb CO2 by reacting in solution to 
form bicarbonates: 
 
       
   
          
→        
      (Eq. 2.6) 
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As this reaction proceeds, the concentration of bicarbonate may rise as high as double the initial 
concentration of carbonate, exceeding the solubility limit of water. Supersaturated solution of 
bicarbonate are prone to rapidly crystallization of solid precipitates. Therefore, the polymeric 
membrane used to encapsulate carbonate sorbents must be resilient enough to withstand this 
transition. PDMS is a suitably compliant polymer to avoid rupturing and releasing sorbents in 
this role. Figure 2.8 shows the carbonate/PDMS capsule system as it undergoes this solid 
transition and is subsequently regenerated to a dissolved state. Adapting this system from a 
spherical to a filamentary architecture could further improve the system by allowing for the 
creation of stable, monolithic, three-dimensional absorbing architectures in woodpile or other 
geometries. With this capability, a more open structure could be created than the close-packed 
arrangement dictated by the use of loose spherical particles. This would enhance the efficiency 
of capture systems by reducing the pressure required to sustain flow of flue gas through the 
absorber lattice which saps considerable energy from power plant output. 
 
Figure 2.8: (a) Optical images of PDMS capsules containing a 3 wt% sodium carbonate solution with thymol blue 
dye and (b) dark-field optical micrographs of capsules containing 30 wt% sodium carbonate before CO2 exposure 
(left), after CO2 exposure (center), and after regeneration (right). Scale bar is 500 µm [26]. 
A 
B 
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CHAPTER 3 
DIRECT WRITING OF CORE-SHELL OPTICAL WAVEGUIDES 
 
3.1 Introduction 
Printing optical waveguides in complex geometries is challenging due to a lack of 
materials possessing both high-performance optical properties and rheological properties suitable 
for printing. Hence, to enable waveguide printing, a core shell technique is used in which an 
annular shell of a highly printable material surrounds a core composed of a UV curable material. 
This fugitive shell functions to prevent the spreading of the core material, which is a Newtonian 
fluid, during the printing and curing process and is subsequently removed, creating a polymeric-
core air-cladding waveguide in a single printing pass. 
In this chapter, we first describe a method for direct printing of optical waveguides from 
a Newtonian liquid photopolymer using a core-shell printing approach. Next, we investigate the 
printing performance of the core-shell system and the optical performance of the waveguides 
produced. Finally, we demonstrate the creation of optical networks using curved optical 
waveguides and contact-free crossovers in three dimensions. 
 
3.2 Experimental methods 
3.2.1 Core-shell inks 
The photocurable liquid core is composed of OrmoClear (Micro Resist Technology), 
which is available commercially and used as received. OrmoClear is of interest for printed 
waveguides due to its low optical loss in the visible and NIR wavelengths and near-zero 
shrinkage upon curing, which inhibits crack formation [53,54]. To encapsulate this fluid, we 
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utilize a fugitive hydrogel shell composed of 35 wt% of a triblock copolymer composed of 
hydrophilic poly(ethylene oxide), PEO, and hydrophobic poly(propylene oxide), PPO, blocks in 
a PEO-PPO-PEO configuration, with an average molecular weight of 12 kDa and 70 wt% PEO 
(Pluronic F127, BASF), which is added to deionized water. The solution is mixed mechanically 
for 2 hr in an ice-water bath to disperse the Pluronic, then refrigerated for 48 hr at 4°C to 
defoam. This solution is then poured into the printing reservoir and equilibrated at room 
temperature before use. 
Aqueous Pluronic F127 triblock copolymer solutions undergo a phase transition that is 
both temperature and concentration dependent [55–57]. Pluronic F127 solutions possess a critical 
micelle temperature (CMT) of ~10°C [58], in which the PEO-PPO-PEO species form micelles 
consisting of a PPO core surrounded by a PEO corona. Dehydration of the PPO block leads to 
pronounced hydrophobic interactions that drive micelle formation. Upon cooling the material 
below the CMT, the hydrophobic PPO units become hydrated enabling individual PEO-PPO-
PEO species to become soluble in water. Under ambient conditions, these solutions exhibit a 
critical micelle concentration (CMC) of ~21 w/w%. By exploiting their known phase behavior, 
we have created a stiff encapsulating shell material composed of 35 wt% Pluronic F127 in water. 
The hydrogel is highly transparent in the visible and ultraviolet wavelengths, allowing for UV-
curing of the waveguide core. This fugitive ink was originally developed for printing self-healing 
materials with embedded microvascular networks
 
[59] and was used more recently for patterning 
tissue mimics with 3D biomimetic vasculature [58]. 
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3.2.2 Core-shell printheads 
To co-extrude these materials in the desired core-shell configuration, a custom printhead 
was designed and built (Figure 3.1) consisting of two untapered cylindrical nozzles aligned 
coaxially. The core/shell printhead is constructed from stainless steel tubing (McMaster Carr, 
Inc), which is cut to length and polished. The shell tubing (I.D. 1270 μm, O.D. 1470 μm) is 
placed in a custom alignment jig and then the core tubing (I.D. 355 μm, O.D. 560 μm) is inserted 
into it. Proper coaxial alignment of the core tubing is achieved by hand and the two lengths of 
tubing are fastened in place with Norland Optical Adhesive 63 (Norland Products). Luer-lock 
inputs (EFD Inc) are connected to the core and shell tubing and sealed in place with two-part 
epoxy. 
 
3.2.3 Waveguide fabrication 
The core fluid and viscoelastic fugitive ink shell are loaded into separate reservoirs and 
printed simultaneously by applying air pressure to each reservoir. The OrmoClear and hydrogel 
materials are loaded into syringe barrels (diameter = 15.8 mm, EFD Inc) and attached to two 
input locations on the core/shell printhead, which is mounted on the x-y-z positioning stage 
(Aerotech, Inc). The core and shell inks are extruded under applied air pressure (Ultimus V 
dispensing system, EFD Inc) of 240-620 kPa at a deposition speed of 10 mm s
-1
. The separation 
of the tip of the printhead and the glass substrate is maintained at 1600 μm during waveguide 
printing. The core-shell printing process is represented schematically in Figure 3.2. To prevent 
leakage, sealed ends are created by applying pressure to the shell ink prior to the core ink, and 
removing pressure from the core ink prior to the shell ink at the beginning and end of each 
waveguide structure. This core/shell geometry produces optical waveguides whose dimensions 
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Figure 3.1: Optical images of (a) core-shell printhead and (b) nozzle. 
 
are dictated by the diameter of the inner nozzle as well as the applied deposition pressure. After 
printing and UV-curing of the waveguides, the fugitive shell is removed by immersion in 
deionized water for 12 hours at room temperature. Excess water is decanted and the waveguides 
are left to dry in air. Because the fugitive shell encloses the waveguides completely, the 
waveguides exhibit no adhesion to the substrate and may be freely repositioned by hand after 
shell removal. 
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Figure 3.2: Schematic of direct-write assembly of photocurable liquid core/fugitive shell inks for printing polymeric 
optical waveguides. 
 
3.2.4 In-situ waveguide curing 
Waveguides are cured on-the-fly by exposure from a UV LED (NCSU033A, Nichia) 
mounted adjacent to the printhead. The LED is positioned approximately 15 mm behind the 
printhead tip and 20 mm above the waveguide during printing. The LED intensity can be 
systematically controlled by custom PWM circuitry to deliver 1-19 mW cm
-2
 of intensity at 365 
nm. 
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3.2.5 Waveguide characterization 
After fabrication, waveguides are tested for optical throughput using the cutback method. 
A Helium-Neon laser (155 SL, Uniphase) operating at 633 nm is aligned with one end of the 
sample and output from the other end is measured using a photo-detector (808-LL, Newport). 
The measured current from the detector is converted to dB. After each measurement, the 
waveguide is carefully cut-back in length by approximately 1 cm and the output measured again. 
From these data, we determine a linear relationship between output, measured in dB, and sample 
length, from which the light loss, in dB cm
-1
, can be extracted. 
 
3.3 Results and discussion 
3.3.1 Ink printing performance 
OrmoClear is a Newtonian fluid with a viscosity of 5 Pa s, which is unsuitable for direct-
write assembly in any geometry. Upon depositing this material, it would undergo significant 
wetting and spreading. By contrast, 35 wt% Pluronic F-127 in water is a viscoelastic gel that 
exhibits strongly shear thinning behavior with a viscosity that is more than two orders of 
magnitude higher than OrmoClear at 1 s
-1
 and a plateau shear elastic modulus of 36 kPa (Figure 
3.3). During printing, this shell material flows readily when the applied stress exceeds the shear 
yield stress of 0.29 kPa. After the core-shell filamentary architecture exits the printhead, the shell 
material quickly stiffens as it returns to a quiescent state. The highly favorable rheological 
properties of the pluronic ink make it an ideal material to serve as the fugitive template in 
waveguide fabrication. 
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Figure 3.3: (a) Log-log plot of viscosity as a function of shear rate and (b) log-log plot of shear elastic (filled 
symbols) and loss (open symbols) moduli as a function of shear stress for the OrmoClear core (red circles) and 
aqueous Pluronic F127 (35 wt%) shell (blue squares) materials. 
 
We first demonstrate liquid core–fugitive shell printing of straight optical waveguides by 
this approach (Figures 3.4 and 3.6a). Despite the low viscosity of the OrmoClear core, minimal 
spreading due to gravity is observed.  The waveguide cross-sections remain nearly cylindrical 
with a cross-sectional width of 430 µm and a height of 385 µm (Figure 3.6a, inset). The printed 
waveguides are smooth along their length and the cross-section geometry is constant and 
repeatable. 
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Figure 3.4: Optical image of liquid core-fugitive shell printing of optical waveguides by direct-write assembly. 
 
3.3.2 Optical performance 
After printing, the liquid core remains stable within the fugitive shell without leakage for 
several hours and can be photopolymerized by ultraviolet flood exposure. However, optical 
waveguides that are cured immediately after printing show a lower optical loss than those left in 
contact with the fugitive hydrogel shell before curing. After 15 min of contact between the 
uncured core and the shell, an increase in optical loss from ~0.1 dB cm
-1
 to ~5 dB cm
-1
 is 
observed (Figure 3.5). Gradual diffusion of water from the shell into the liquid core likely gives 
rise to the observed deterioration in optical performance. 
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Figure 3.5: Optical loss of printed waveguides as a function of delay time prior to curing UV LED at a constant 
intensity of 19 mW cm
-2
. 
 
To minimize their optical loss, the printed liquid core-fugitive shell waveguides are cured 
on-the-fly using an ultraviolet (UV) LED mounted adjacent to the printhead as described above, 
with higher curing intensity leading to lower optical loss. Specifically, the lowest optical loss 
observed is approximately 0.1 dB cm
-1
 for printed waveguides cured at an intensity of 19 mW 
cm
-2
 (Figure 3.6c). This level of optical loss is comparable to the lowest losses observed for 
ormocer materials patterned in two dimensions by photolithography [60] and superior to losses 
resulting from 3D patterning of ormocers by two-photon lithography [61]. Measurements of the 
waveguide surface by AFM indicate that all printed waveguides produced have a root-mean-
square surface roughness between 10-20 nm. These values are expected given that the spherical 
PEO-PPO-PEO micelles have an average hydrodynamic diameter of 20-80 nm, as reported 
previously [55]. The low surface roughness values, which are independent of curing intensity, 
indicates that the core-shell interface is stable and that scattering from the surface of these 
waveguides does not contribute significantly to their optical loss. 
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Figure 3.6: Optical images of (a) straight and (b) curved OrmoClear waveguides, (c) optical loss of straight 
waveguides printed and cured at varying UV LED intensity, and (d) optical loss of printed curved waveguides cured 
at a constant LED intensity of 19 mW cm
-2
 as a function of radius of curvature. 
 
3.3.3 Functional optical networks 
Our approach enables printing of optical waveguides in nearly arbitrary patterns.  For 
example, we have produced OrmoClear waveguides with varying bend radius (Figure 3.6b).  By 
directly printing curved waveguides, we create features that are stress-free, avoiding losses that 
arise from bending straight waveguides to obtain the desired curvature [62]. Figure 3.6d shows 
the optical loss of printed waveguides as a function of radius of curvature (R). Printed 
waveguides with the sharpest bends of R = 2 mm exhibit the highest optical loss of ~1 dB cm
-1
, 
which is expected given that the total internal reflection of transported light is degraded in this 
geometry. As R increases, the optical loss begins to approach that observed for the straight 
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waveguides. Although there was some scatter in the data, the optical losses ranged from ~0.2–0.5 
dB cm
-1
 for printed waveguides with R = 4–20 mm. Hence, at least a two-fold increase in optical 
loss is observed for curved waveguides relative to the linear counterparts. 
As a final example, we demonstrate the fabrication of an optical waveguide network that 
carries multiple signals isolated physically from one another. This network is created by out-of-
plane printing of Ormoclear waveguides over existing waveguides, which remain separated at 
each crossover point due to the presence of their respective fugitive shells. Specifically, we have 
created a six-waveguide network that is coupled to three different colors of LED light (Figure 
3.7). Upon photopolymerization of the OrmoClear liquid cores and removal of the fugitive 
shells, air gaps are present at each crossover point that enable light to travel through the 
waveguide network with minimal crosstalk. In this example, blue, green, and amber light of 
respective wavelengths 470, 515, and 590 nm, are each carried through two printed waveguides 
patterned in either straight (planar) or out-of-plane, curved geometries. The radii of curvature for 
the in-plane bends are 5 mm, while those associated with the out-of-plane features range from 
~3–5 mm. Therefore, we expect acceptable optical losses for light traveling through waveguide 
networks with several bends. 
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Figure 3.7: Optical image of an optical waveguide network composed of six OrmoClear waveguides coupled with 
three LEDs that distribute colored light with minimal crosstalk. 
 
3.4 Conclusions 
Printed optical waveguides are a promising solution for producing complex optical 
networks for high speed computing or evanescent field sensor applications. The ability to create 
3D networks without repeated processing steps sets direct patterning approaches apart from 
layer-by-layer techniques. Here, we have demonstrated the direct printing of high performance 
optical waveguides from OrmoClear through a core-shell approach that circumvents the 
traditional limitations on ink rheology for direct printing.  
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CHAPTER 4 
CORE-SHELL PRINTING OF MICROSCALE FILAMENTS FOR 
OPTICAL WAVEGUIDE APPLICATIONS 
 
4.1 Introduction 
Microscale core-shell printed features are highly desirable for integration with optical 
emitters and detectors at size scales relevant to optoelectronic circuit fabrication. However, it is 
not possible to simply extend the printhead design described in Chapter 3 to these sizes. While 
stainless steel capillaries are available in dimensions as small as 100 µm inner diameter/200 µm 
outer diameter, capillaries smaller than an outer diameter of approximately 400 µm are found to 
lack the stiffness necessary to maintain coaxial alignment under flow of the shell fluid, which 
enters the printhead asymmetrically, causing a bending strain on the core capillary. To create 
core-shell filaments with diameters ≤ 100 µm, glass core shell devices with tapered tips were 
devised. In these devices, concentricity is achieved not by manual alignment, but by the use of a 
square spacer capillary that fits between the core and shell capillaries. The core and shell 
materials flow through this taper in contact with one another, such that the size of printed 
features is reduced by flow-induced focusing of the inner (core) fluid. This approach is in 
contrast with untapered printheads in which the core and shell materials do not come into contact 
until they exit the device at the substrate. In this chapter, we first discuss the design and 
fabrication of these devices and then demonstrate printing of microscale waveguides composed 
of an optical polymer, OrmoClear. 
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4.2 Experimental Methods 
4.2.1 Tapered co-flow devices with square alignment capillaries 
Custom core-shell printheads are designed and built using a capillary with a square cross-
section to induce proper alignment between the cylindrical core and shell capillaries. A core 
capillary with an inner diameter of 100 µm and outer diameter of 170 µm (Fiber Optic Center), 
square alignment capillary with an inner width of 200 µm and wall thickness of 100 µm (Fiber 
Optic Center), and outer capillary with an inner diameter of 580 µm and outer diameter of 1000 
µm (WPI Supplies) are chosen, such that the three components can be assembled as shown in 
Figure 4.1 with minimal clearance between each element. This assembly method dictates an 
acceptably coaxial alignment between the core and shell capillaries. 
 
 
Figure 4.1: Schematic view of the core-shell device with a square alignment capillary. 
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To produce filamentary features with diameters less than the capillary dimensions, the 
outlet of the outer (shell) capillary is tapered prior to assembly of the printhead. Using a Sutter P-
2000 tip puller, this capillary is heated by a CO2 laser while tension is applied along its length, 
causing it to neck down to a narrow hourglass shape. After the desired neck inner diameter of 
approximately 120 µm is achieved, the hourglass is scored at its narrowest point and fractured to 
produce two tapered tips. Note that this inner diameter is smaller than the 170 µm outer diameter 
of the core capillary, so printing from a device of these dimensions cannot be achieved without 
the use of tapered co-flow. The core capillary and square alignment capillary are then inserted 
into the tapered shell capillary, such that the end of the core capillary lies approximately at the 
onset of the taper in the shell. The square alignment capillary is cut to length and inserted such 
that its end is set at least 5 mm back from the end of the core capillary to allow for complete 
development of laminar shell flow before the introduction of the core material. 
When attaching Luer-lock inputs, the input for the shell ink is attached such that the 
material flows through the outer set of four convex interstitials formed by the square capillary 
and the outer capillary, while no flow is present in the inner set of four concave interstitials 
formed by the core capillary and the square capillary. During printing, these interstitials remain 
filled with air, which induces bubble formation within the shell region during the initial 
(stabilization) phase of printing from each device. However, once steady-state printing is 
achieved, these defects are no longer observed. 
 
4.2.2 Ink formulations for tapered core-shell printing 
To achieve tapered co-flow printing, an aqueous solution of 30 wt% Pluronic F-127 is 
used as the encapsulating shell material and OrmoClear serves as the UV-curable core material. 
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The Pluronic F-127 concentration is reduced relative to the shell material (35 wt% solution) used 
in larger core-shell printheads to optimize the printing performance. Specifically, the 30 wt% 
Pluronic F-127 ink has a viscosity 20 times lower than the 35 wt% ink over a broad range of 
shear rates (Figure 4.2) due to reduced overlap between adjacent micelles. Lower viscosity inks 
flow more readily through the tortuous interstitial geometry within the square-aligned core-shell 
printheads at a given extrusion pressure (maximum = 655 kPa). Despite this large difference in 
viscosity, the plateau shear elastic modulus of 13.6 kPa for the 30% Pluronic F-127 is only 
reduced by a factor of 2.6 compared to the 34.7 kPa modulus observed for the 35% ink. 
Concomitantly, the yield strength is reduced by a similar extent, from 295 Pa to 125 Pa. The 
modest reduction in its elastic properties allows the 30% F-127 to retain the ability to adequately 
support and contain the OrmoClear core, thereby preventing leakage or spreading during core-
shell printing. As an added benefit, the lower concentration of Pluronic F-127 delays the failure 
of the shell as the water evaporates from it. Drying of the shell solution to the point where the 
Pluronic can no longer remain completely dissolved results in a porous, rough shell unsuitable 
for printing functional waveguides. Extending the evaporation process by using more water-
laden inks is essential as the waveguide diameter is reduced, due to the increased surface area to 
volume ratio of the printed features. 
 
4.2.3 Waveguide fabrication 
Tapered core-shell devices are fabricated from transparent borosilicate glass, so clogging 
is a significant problem when they are exposed to ultraviolet light used for in-situ curing during 
printing. Although the tip is not situated within the illuminated region, UV light scatters from the 
x-y-z stage platform, through the transparent substrate, and cures the OrmoClear core within the 
  
36 
 
tapered portion of the device, leading to clogging of the outer tip. To mitigate this issue, several 
measures are taken. First, the UV LED is positioned further back from the tip, approximately 80 
mm back as opposed to 15 mm back in the case of opaque printheads. Additionally, the printhead 
is painted with a black opaque lacquer, leaving less than the final 1 mm of printhead transparent. 
Finally, a sheet of aluminum foil is positioned between the LED and printhead to block the line 
of sight of most potential scattered UV light. Using these measures, it is possible to print co-
flowing waveguides indefinitely without clogging, as long as the LED is extinguished during any 
stoppage of flow, which is easily accomplished through programming automation. 
 
 
Figure 4.2: Log-log plots of (a) ink viscosity as a function of shear rate and (b) shear elastic and viscous moduli for 
Pluronic F-127 shell materials of varying concentration (30 and 35 wt%). 
 
4.3 Results and Discussion 
4.3.1 Direct imaging of core-shell flow in tapered capillaries 
In co-flow devices, the minimum diameter of printed waveguides is no longer dictated by the 
diameters of the printhead capillaries. Because the device is constructed of glass, the properties 
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of the core-shell flow may be imaged by placing the printhead in a microscope. By adjusting the 
pressure applied to the core and shell fluids, the relative flow rates of the two components can be 
adjusted to vary the diameter of the core filament, which ultimately determines the diameter of 
the printed waveguide. Figure 4.3a demonstrates the establishment of stable core-shell flow at an 
applied core pressure of 414 kPa and an applied shell pressure of 310 kPa. Under these flow 
conditions, a stable, continuous core filament is produced with a diameter of 77 µm. To reduce 
the core diameter further, the core pressure can be lowered to slow the volumetric flow of the 
OrmoClear fluid. Figure 4.3b shows the flow after reducing the core pressure to 138 kPa, 
resulting in a core filament of 60 µm. Reducing the core size further by continuing to decrease 
the core pressure beyond this value is not possible, however, because unstable flow begins. This 
instability is characterized by a core filament that is periodically pinched off, producing 
elongated droplets rather than a continuous filament. Hence, to decrease the core diameter 
further, one must increase the flow velocity of the outer fluid. Figure 4.3c shows the effect of 
increasing the shell pressure to 379 kPa, which produces a continuous core filament with a 
diameter of 29 µm. We note that while the outer fluid pressure was increased by a seemingly 
modest 22%, the volumetric flow rate is substantially increased due to the highly shear thinning 
nature of the Pluronic hydrogel. Under these conditions, the core flow rate can be further reduced 
without causing droplet breakup. Figure 4.3d shows the core-shell morphology after reducing the 
inner fluid pressure to 69 kPa. Under these conditions, it is possible to produce microscale 
filaments approaching 10 µm in diameter.  
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Figure 4.3: Optical micrographs of core-shell flow in tapered printheads at varying applied pressures as indicated to 
produce continuous filaments with diameters (a) 77, (b) 60, (c) 29, and (d) 15 µm. 
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Because the co-flowing core and shell materials are in contact within the printhead, an 
opportunity arises for droplet breakup to occur. When flowing, the ink viscosity and elastic 
modulus of the shell material is reduced due to applied shear (refer to Figure 4.2). A fundamental 
understanding of the mechanics of droplet breakup during tapered core-shell flow as well as the 
limitations of printing conditions to achieve stable and uniform flow is needed to optimize the 
design of suitable ink systems for core-shell printing. As described in Section 2.3, droplet 
breakup occurs when the driving force for drop formation, the reduction in surface area of the 
core-shell interface, exceeds the resisting force of viscoelasticity in the shell material. 
Pluronic hydrogels, due to their highly shear thinning behavior (n = 0.12), exhibit strong 
plug-flow characteristics. During laminar flow through a pipe, the majority of the outer fluid 
(Pluronic ink) travels as a completely unyielded plug, while only a narrow region near the 
channel wall yields and exhibits differential flow. This behavior is predicted by combining the 
constitutive equation of a Pluronic hydrogel, modeled as a Herschel-Bulkley fluid, 
 
       ̇
       (Eq. 4.1) 
 
where τ is the applied stress, τ0 is the yield stress, k is the consistency, and n is the power law 
index, with the Navier-Stokes equation for fluid flow in a cylindrical pipe, 
 
             (Eq. 4.2) 
 
where P is the pressure, µ is the viscosity, and v is the velocity. 
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Using these equations and applying a no-slip boundary condition at the channel wall as 
well as a constant pressure drop throughout the cross-section of the channel, it is possible to 
calculate the velocity profile of the Pluronic ink flowing through a cylindrical pipe. A few 
representative flow profiles are shown in Figure 4.4a. When considering the presence of a core, 
this modeling approach can be adapted by modifying the boundary conditions. First, a core 
radius is chosen and assumed to be constant along the length of the channel. Additionally, the 
Herschel-Bulkley constitutive equation above is replaced by a Newtonian model for the portion 
of the channel inside the core radius. Finally, additional boundary conditions are set such that the 
flow velocities and shear stresses of the two fluids are equal at their interface. As shown in 
Figure 4.4b, the shell forms an annular plug of unyielded Pluronic hydrogel that encapsulates the 
flowing core. This plug zone displays solid-like properties, preventing droplet formation. 
 
 
Figure 4.4: Calculated flow velocity as a function of radial position within a cylindrical channel for (a) Pluronic 
hydrogel and (b) Pluronic hydrogel shell with a Newtonian fluid core. 
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To demonstrate this behavior experimentally, co-flow microfluidic devices are constructed that 
omit the taper employed in devices used for printing. A core fluid of Newtonian silicone oil was 
flowed through these devices in combination with a shell fluid of 25 wt% Pluronic hydrogel. 
Unlike printing experiments, rather than applying a constant pressure to the ink reservoirs to 
drive deposition, the fluids are pumped at a constant volumetric rate by syringe pumps (Harvard 
Apparatus). Unfortunately, it was determined that the actual volumetric flow rates delivered by 
the pumps were lower than those commanded programmatically. This is likely due to the high 
viscosity of the Pluronic solution and silicone oil causing the pump motors to be loaded beyond 
their optimal operating range. Figure 4.5 shows the flow of the core and shell materials at a 
constant commanded core:shell flow rate ratio of 1:7.4, with programmed flow rates of 95 to 
9500 µL/hr. Again, the actual flow rate is only equivalent to the programmed flow rate for only 
the slowest volumetric flow rate (Figure 4.5a). An interesting observation is that the core 
diameter decreases with increasing flow rate, although it is impossible to know if this is due to 
the particulars of interaction between the core and shell or due only to discrepancies in the 
programmed versus actual flow rates. 
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Figure 4.5: Optical micrographs of Pluronic shell and Newtonian core flowing in untapered channels at various 
programmed flow rates as indicated. Dashed boxes indicate the region of interest for particle tracking. 
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Despite an inability to quantify the actual flow rates achieved, it is possible to make one 
interesting observation from the video data depicted in Figure 4.5. Tracking the speed of debris 
moving in the outer fluid allows us to interrogate the annular plug region within the shell. To 
implement the tracking algorithm, video frames are analyzed in Matlab by thresholding the 
images to locate debris particles within a region of interest (marked by the dashed red boxes in 
Figure 4.5) and tracking their movement between consecutive video frames. Figure 4.6 shows 
the speeds of tracked particles compared to calculated flow profiles based on programmed flow 
rates and observed core diameters. We observe that the flow rate is constant throughout the 
observable portion of the image, indicating the presence of plug flow within this annular gelled 
region. 
 
 
Figure 4.6: Calculated and measured flow velocity as a function of radial position within a cylindrical channel for a 
co-flowing viscoelastic shell and a Newtonian fluid core. 
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4.3.2 Printing microscale core-shell filaments 
Using a core pressure of 207 kPa, shell pressure of 393 kPa, and a print speed of 2.0 mm 
s
-1
, we printed microscale OrmoClear filaments with a width of 55 µm and height of 25 µm, as 
shown in Figure 4.7. At increased shell flow rates and print speeds, filaments with as small as a 
20 µm width are fabricated, however handling and imaging of these printed structures proved 
troublesome due to their low mechanical strength. 
 
 
Figure 4.7: (a, b, c) Optical and (d) SEM cross-sectional micrographs of micro-sized OrmoClear waveguides 
fabricated from tapered printheads 
 
These filaments were provided to our collaborators at Lawrence Livermore National 
Laboratory for optical characterization, however difficulties were encountered in coupling the 
light source to these fine filaments. Hence, we are unable to quantify their optical performance. 
However, we can inform a prediction of the optical loss by considering the factor of contact time 
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between the core and shell materials. One downside to tapered co-flow devices is that, unlike the 
larger printheads described in Chapter 3 in which the core and shell materials only come into 
contact upon exiting the nozzle, there is a period of time during which core and shell materials 
are in contact within the printhead. In addition, the increased setback of the UV curing LED 
lengthens the time from their contact to curing. From video observations, such as those shown in 
Figure 4.3, the contact time within the device is estimated to be approximately 10 s. At a typical 
print speed of 2 mm s
-1
, the 80 mm setback of the curing LED leads to an additional delay of 40 
s. Based on the results presented in Figure 3.5, we expect that contamination of the core fluid 
during this additional delay time (~50 s) will result in a small increase in optical loss, to 
approximately 0.2 dB cm
-1
, in the printed waveguides. 
 
4.4 Conclusions 
One important goal for optoelectronic systems is miniaturization. Towards this purpose, 
we have worked to reduce the size scale of printed polymer waveguides through the 
implementation of tapered core-shell printheads. In these printheads, the core and shell materials 
flow in contact with one another as they undergo flow focusing. By adjusting the applied 
deposition pressures, the diameter of printed features can be varied without modification to the 
printhead. Through observations of core-shell flow velocity in a straight channel, we have 
observed that an annular plug of unyielded viscoelastic shell ink surrounds the core fluid and 
prevents droplet breakup, as expected based on theoretical predictions. 
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CHAPTER 5 
CORE-SHELL PRINTING OF HOLLOW AND 
LIQUID-FILLED POLYMER FILAMENTS 
 
5.1 Introduction 
We have previously used core-shell printheads to produce photopolymerizable 
waveguide cores encapsulated by sacrificial shells that enhance printability. Now, we explore the 
possibility of creating hollow and liquid-filled polydimethyl siloxane (PDMS) filaments using 
core-shell printheads coupled with polymerizable shell materials. To create hollow filaments, we 
encapsulate a fugitive core that is removed after curing. Hollow filaments like these may be 
functionalized for use in a variety of materials handling, storage, or filtration applications. To 
create liquid-filled filaments, we encapsulate active materials within the core region. As a 
representative example of the latter system, we produce PDMS filaments that are highly 
permeable to carbon dioxide, which are filled with a sorbent solution composed of sodium 
carbonate. Upon exposure to CO2(g), these filaments exhibit rapid uptake, and they can be 
repeatedly cycled by employing temperature swings to regenerate the sorbent. 
Akin to the CO2 microcapsules reported previously [26], these filaments offer a new 
platform for carbon capture that may be used for reducing CO2 emissions in flue gas of coal-fired 
power plants. To achieve high performance, carbon capture elements must combine a high CO2 
absorption capacity with rapid kinetics of absorption. Encapsulation of the active sorbent allows 
for rapid kinetics through greatly increased surface area of cylindrical filaments, while delivering 
the high CO2 absorption capacity and selectivity of a liquid absorber. Moreover, by printing we 
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can produce open 3D lattices that facilitate rapid CO2 gas flow relative to packed beds of 
microcapsules with analogous feature sizes. 
 
5.2 Experimental Methods 
5.2.1 Materials Systems 
For printing millimeter-scale hollow fibers, a mixture of 80 wt% room temperature 
vulcanization PDMS adhesive (Dow Corning 732) in 20% hexanes (Sigma Aldrich) is used as 
the shell material. The two components are combined in a planetary mixer (Thinky ARE-310), 
then loaded into syringe barrels (Nordson EFD), for printing. The addition of hexanes serves to 
reduce the viscosity of the adhesive to facilitate flow through the core-shell device. This ink is 
cured at room temperature by a crosslinking reaction facilitated by the presence of moisture in 
the ambient environment and reaches a fully cured state in 24 hours, but is stable for up to 10 
days when stored in sealed syringe barrels. A core of 30 wt% Pluronic F-127 is chosen to 
provide greater structural rigidity to the printed core-shell filament, when compared to a 
Newtonian water core, to help prevent spreading while the shell ink cured. 
For printing carbon capture filaments, a mixture of 90 wt% of a 2-part heat-cured PDMS 
adhesive is used (Dow Corning SE 1700) in 10% hexanes as the shell material. The base 
component of the adhesive is combined with hexanes in a planetary mixer, then the crosslinker is 
added in a 10:1 ratio with the base before mixing again, forming an SE 1700 mixture diluted to 
an overall hexanes concentration of 10.0 wt%. Printing is performed within 4 hours of mixing 
the adhesive components to prevent unwanted curing. A liquid core ink composed of 30% 
sodium carbonate (Fisher Scientific) in purified water is used as the carbon capture element. 
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5.2.2 Rheological characterization 
Rheological properties of the SE1700 shell ink were measured in a cone and plate 
geometry with a 40 mm diameter and 2° cone angle at a temperature of 25°C on a TA 
instruments AR-2000EX rheometer. Apparent viscosity was measured under steady state 
deformation at applied shear rates of 0.1–100 s-1, and shear and elastic moduli were measured 
under 1 Hz oscillation at peak applied stress of 10–2000 Pa. The flow behavior index was 
determined by fitting a curve representing a power-law fluid to the viscosity data, and the yield 
stress was determined by locating the stress at which the elastic modulus drops below 90% of the 
plateau value. 
 
5.2.3 Hollow filament printing 
 Hollow PDMS fibers (ca. 1 mm in diameter) are printed using a straight core-shell device 
constructed of stainless steel core tubing (I.D. 355 µm, O.D. 560 µm) and shell tubing (I.D. 1270 
µm, O.D. 1470 µm). These filaments are printed at a speed of 2.0 mm s
-1
 at applied pressure of 
379 kPa for the core and 138 kPa for the shell fluids. After printing, the filaments were cured for 
24 h under ambient conditions. The core is then removed by immersion in cold (~5°C) water. 
 
5.2.4 Liquid-filled filament printing 
The ideal size of these filaments lies between those produced by the straight core-shell 
printheads described in Chapter 3 and tapered co-flow devices used in Chapter 4. To create these 
filaments, we produced core-shell printheads with a tapered shell capillary yet without a co-flow 
region. In these printheads, a core capillary with a 100 µm I.D. and 170 µm O.D. is combined 
with a shell capillary tapered to an inner diameter of approximately 330 µm. This printhead 
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design yields filaments with thin shells, which enhance the CO2 uptake kinetics. A nested square 
capillary is used to ensure that the core capillary remains aligned within the outer capillary. 
Because the set of interstitials between the square alignment capillary and outer capillary 
represents a greatly reduced cross-sectional area compared to the entire interior of the outer 
capillary, a significant reduction in flow rate or increase in required deposition pressure is 
observed. To remedy this difficulty when using highly viscous inks in tapered devices, the 
alignment capillary may be replaced with two short, disconnected segments  of square capillary 
tubing. One segment is fastened in place near the input of the shell material, while the other 
remains free within the device and slides forward under the viscous force of the flowing shell 
until it is restrained by the onset of the taper. A device of this type is pictured in Figure 5.1. 
 
 
Figure 5.1: Optical micrograph showing outlet of core-shell device with two-section square alignment aid. 
 
The shell ink is loaded into a syringe barrel reservoir (EFD Inc), attached to the core-shell 
printhead, and extruded via applied air pressure (Ultimus V dispensing system, EFD Inc). 
However, due to the low viscosity of the aqueous solution used as the core material, a constant 
applied pressure is unsuitable. Small instabilities in flow through the device caused the flow rate 
of the core to vary wildly under constant pressure. To address this problem, a syringe pump is 
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used to deliver the core material at a constant volumetric rate. The ink material is loaded into a 
syringe (BD) and connected to the core-shell device via a length of tubing with luer-lock ends 
(Cole-Parmer). To avoid clogging or defects caused by the crystallization of sodium carbonate 
during printing, the core ink is heated to 70°C before connecting the syringe to the core-shell 
printhead. A syringe pump (Harvard Apparatus PHD Ultra) is used to fill the core-shell device 
with core fluid at a flow rate of 2.0 mL/hr before reducing the flow rate to the rate desired for 
printing of structures. 
 
5.3 Results and Discussion 
5.3.1 Hollow PDMS filaments 
Printed hollow PDMS filaments are shown in Figure 5.2. These flexible structures easily 
withstand and rebound from being pinched shut. When removed from the substrate, they remain 
very flexible and durable, and are capable of being stretched beyond 50% elongation and bent 
sharply with no visible damage.  
 
5.3.2 Liquid-filled PDMS filaments 
A suitable shell material for core-shell printing must have sufficient viscoelasticity to 
support not only its own weight but also the weight of the core without deforming. To assess the 
performance of SE1700 as a shell material, rheological characterization is performed, and the 
results shown in Figure 5.3. The flow behavior index of 0.07, plateau modulus of 190 kPa, and 
yield stress of 68 Pa indicate that this ink should be expected to perform well as a supportive and 
encapsulating shell ink. 
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Figure 5.2: Optical image of printed hollow PDMS filaments [inset: higher magnification showing open ends] 
 
 
 
Figure 5.3: Log-log plots of (a) viscosity as a function of shear rate and (b) shear elastic and viscous moduli for 
Dow SE1700 PDMS adhesive before curing. 
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Liquid-filled filaments are printed at a core flow rate of 127 µL hr
-1
, a shell applied 
pressure of 414 kPa, and a printing speed of 2.0 mm s
-1
. These flow parameters are tuned to 
achieve smooth steady-state core-shell operation (such as pictured in Figure 5.4) while the flow 
is observed through a video microscope mounted on the x-y-z stage such that it follows the 
printhead during motion. Despite the lower shear-thinning exponent of SE 1700 shell ink as 
compared to Pluronic F-127 shell ink, the ink’s stiffness is sufficient to maintain a cylindrical 
morphology and prevent leaks by which the aqueous core might escape. A continuous filament is 
printed in a serpentine pattern with right-angle corners, as shown in Figure 5.5. The printed 
structures have a uniform core-shell morphology with smooth walls, an outer diameter of 490 
µm, and a typical wall thickness of 160 µm. Although no leakage is observed at the corners 
during or after printing, the corners were reinforced with 5-minute epoxy prior to CO2 cycling as 
a precaution against the formation of leaks. 
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Figure 5.4: Video microscope image of core-shell printing of liquid-filled filaments for CO2 capture. 
 
Figure 5.5: Optical images of as-printed liquid-filled filament array for CO2 capture, which is composed of PDMS 
shells and 30% sodium carbonate core [inset: optical image of full substrate]. 
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After printing, the filamentary structures are heated at 70°C for 12 h to fully cure the SE 
1700. Although the aqueous sodium carbonate solution housed within the filament core 
undergoes evaporation during curing of the shell material leading to crystallization of sodium 
carbonate, no ruptures were observed in the shell after printing. The resulting crystals can be 
seen under bright field illumination, shown in Figure 5.6. The sodium carbonate crystals are 
easily rehydrated by exposing them to a high relative humidity atmosphere created by placing the 
printed filaments near a large reservoir of water containing 12.5% NaCl in a closed oven at 70°C 
for 5 h. 
 
 
Figure 5.6: Optical image of CO2 capture filaments after printing and curing of shell material showing precipitated 
sodium carbonate [inset: higher magnification view of precipitates]. 
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5.3.3 CO2 capture performance 
The ability of the liquid-filled PDMS filaments to capture carbon dioxide is tested by 
exposing them to a humid, CO2-rich environment and observing the formation of sodium 
bicarbonate crystals within the filaments by optical microscopy. These experiments are 
performed at room temperature with a relative humidity of 40% in a sealed chamber with a CO2 
flow rate of 140 cm
3
 min
-1
. After CO2 supersaturation occurs within the filaments, crystallization 
rapidly occurs, typically within 1 h of CO2 exposure. After crystallization, the CO2 is released by 
heating the filaments in a high relative humidity atmosphere (in equilibrium with water 
containing 12.5% NaCl) at 70°C for 5 h, the same conditions used for initially rehydrating the 
filaments after printing. After regeneration, the filaments can be reused for successive CO2 
absorption-desorption cycles. Figure 5.7 shows a section of filament before and after each of 
three carbon absorption cycles. 
Although initial rehydration after printing does not completely redissolve the sodium 
carbonate crystals, they do shrink during the growth of sodium bicarbonate. This is believed to 
be due to a reduction in carbonate concentration in solution encouraging the redissolution of 
sodium carbonate. After the three cycles of carbon absorption, leaks formed in 4 of 11 samples 
tested, at one end of each filament where the flexible filament meets the rigid epoxy used to 
reinforce the corners. These ruptures are due to stress where the rigid epoxy meets the PDMS 
shell, which undergoes slight swelling and shrinkage during the carbon cycling process. 
Although the epoxy was introduced with the intention of preventing the formation of leaks, it 
was found to be counterproductive in that goal during absorption/desorption cycling. 
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Figure 5.7: Optical micrographs of carbon capture filaments before (a, c, e) and after (b, d, f) each of three carbon 
capture cycles. 
 
 
5.4 Conclusions 
We have demonstrated the successful fabrication of carbon capture elements by core-
shell printing and their performance over multiple carbon absorption cycles. This application of 
composite core-shell printing is just one of a wide variety of imaginable composite systems. 
Within the physical contraints required to achieve stable core-shell deposition, many ink 
combinations are possible to achieve desired functionalities. In addition to the demonstrated 
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motif of encapsulating an active material within a protective shell, a functional material shell 
could be coated onto a mechanically supportive core to create active structures in three 
dimensions that could not be replicated from a single material system. Similarly, mechanical 
structures could be printed with a stiff core and compliant shell to produce skeleton-and-skin 
composites with a low elastic modulus at the surface, but a well-supported structure. The 
incorporation of porous materials could open possibilities for the creation of printed catalytic or 
filtration systems or other components key to the expanding variety of microdevices. 
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CHAPTER 6 
CONCLUSIONS 
 
Through the use of coaxial core-shell printheads, we have enabled the patterning of three 
previously inaccessible architectures: (1) printing Newtonian OrmoClear waveguides in a 
cylindrical morphology, (2) printing from tapered co-flow printheads, and (3) printing of hollow 
and liquid-filled polydimethyl siloxane (PDMS) filaments. Using these techniques, the catalogue 
of materials that can be patterned by direct printing has been extended to include Newtonian 
liquids, and new composite filaments can be printed at a variety of size scales. The key findings 
of my PhD thesis are summarized below. 
(1) Printing OrmoClear waveguides 
(i) Using a 35 wt% Pluronic F-127 shell ink, Newtonian OrmoClear waveguides 
can be patterned and retain a cylindrical morphology. The shell ink can be 
removed by cold water washing to leave OrmoClear-core air-cladding 
waveguides that are self-supporting. 
(ii) Waveguide loss is minimized at a value of 0.1 dB cm-1 by curing the 
OrmoClear on-the-fly during printing with the highest UV intensity available. 
(iii) 3D networks of waveguides can be created that minimize crosstalk through 
the implementation of self-supporting non-contact crossovers. 
(2) Printing from tapered co-flow printheads 
(i) The size scale of printed waveguides can be reduced through the use of a 
tapered printhead in which the core and shell inks flow in contact, undergoing 
flow-focusing to reduce the waveguide diameter. 
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(ii) In co-flow printheads, the waveguide diameter can be adjusted from 80 µm 
down to 15 µm by varying the deposition pressures applied to the core and 
shell inks. 
(iii) During core-shell co-flow, the viscoelastic shell forms an unyielded annular 
plug that counteracts surface forces, preventing droplet breakup of the core. 
(3) Printing of hollow and liquid-filled PDMS filaments 
(i) Durable and flexible PDMS filaments can be printed using room-temperature 
vulcanization or heat-cured silicone formulations encapsulating a fugitive 
material to create hollow tubes or a permanent material to encapsulate that 
agent. 
(ii) Filaments encapsulating an aqueous solution of 30 wt% sodium carbonate 
function as sorbent structures for carbon capture and storage that allow for the 
creation of high performance, monolithic, solid sorbents. 
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